ABSTRACT Device-to-device (D2D) communications, which can increase system throughput, allow two cellular devices to communicate directly with each other. Compared with half-duplex relay, full-duplex relay can significantly improve the spectrum efficiency if the self-interference can be efficiently eliminated. This paper proposes a D2D communication scheme, which assigns the fixed D2D transmitter as full-duplex amplify-and-forward relay to assist cellular uplink transmission. Cellular user close to the fixed D2D transmitter can directly download the video by D2D communications. An optimization problem is formulated to maximize the uplink rate of cellular user while guaranteeing the rate requirement of D2D user. We first obtain the feasible region of the power splitting factor, which characterizes the proportion of fixed D2D transmitter power allocated to cellular uplink and D2D communications. Then, a closed-form expression of the optimal power allocation scheme is derived. Also simulation results are presented to validate the proposed optimal power allocation scheme for uplink rate maximization.
I. INTRODUCTION
With the appearance of various video services, wireless communications will require ever increasing data rate [1] - [4] . Device-to-device (D2D) communications, which can significantly increase the system throughput of wireless cellular networks, have been paid much research attention recently [5] - [8] .
The relay-based D2D communication scheme can be applied to the scenario where cellular and D2D communications coexist to share the spectrum resources. D2D transmitter can be a fixed infrastructure device [9] , which stores popular videos. The cellular user close to fixed D2D transmitter can directly download videos by D2D communications. Simultaneously, the fixed D2D transmitter can assist cellular communications. For the D2D communication overlaying two-way cellular networks, Pei and Liang [10] proposed a half-duplex relay-based D2D communication scheme, which enabled the D2D devices to communicate directly with each other while assisting cellular communications. The optimal power allocation for half-duplex relay-based D2D communication scheme [10] can effectively increase the sum rates of both the cellular and D2D communications. In [11] , the halfduplex relay-based D2D communication scheme assigned the base station (BS) as relay to assist D2D communications. Furthermore, Yu et al. [11] analyzed the optimal power allocation scheme between D2D and cellular communications for different D2D communication modes. The half-duplex relaybased D2D retransmission scheme was proposed in [12] to increase the throughput of wireless multicast transmission in cellular networks. However, all these schemes employed the half-duplex relay, which will reduce the reuse gain of spectrum resource.
Through simultaneous transmission and reception using the same frequency band at the same time, full-duplex relay can outperform half-duplex relay in terms of spectrum efficiency if the self-interference can be efficiently cancelled or suppressed [13] , [14] . Over the recent years, plenty of works have been devoted to the study of the advanced self-interference cancellation and/or suppression techniques [15] - [20] , which can reduce the effect of self-interference on wireless full-duplex transmission. Propagation-domain interference suppression, analog-domain interference cancellation, and digital-domain interference cancellation can be used jointly or separately to eliminate the self-interference caused by full-duplex transmission. Propagation domain interference suppression can mitigate the self-interference, thus avoiding the input of the RF amplifier overwhelmed by the selfinterference [15] , [17] , [19] . Analog domain interference cancelation endeavors to eliminate the self-interference, thus avoiding the input of the analog-to-digital converter (ADC) overwhelmed by the self-interference [16] - [18] . Digitaldomain interference cancelation techniques attempt to eliminate the residue self-interference, which results from the non-ideal of the RF amplifier, the non-linearities in the ADC, and the oscillator phase noise [15] , [17] , [18] , [20] .
Thus, by assigning the D2D transmitter as full-duplex relay to assist cellular downlink transmission, Zhang et al. [21] proposed a full-duplex relay-based D2D communication scheme, which maximized the achievable rate of D2D communications. When D2D communications have higher priority than cellular communications (via the fixed D2D transmitter), it is meaningful to maximize the uplink rate of cellular user while satisfying the rate requirement of D2D user. To the best of our knowledge, no paper has addressed this problem. Furthermore, the amplify-and-forward (AF) protocol can reduce the implementation complexity as compared with the decode-and-forward (DF) protocol used in [21] .
In this paper, the fixed D2D transmitter can be used as the full-duplex AF relay to assist cellular uplink transmission. Simultaneously, the fixed D2D transmitter can directly communicate with the cellular user. Under the guaranteed rate requirement of D2D communications, we formulate the optimization problem to maximize the uplink rate of cellular user. The main contributions of the paper are twofold. First, the feasible region of power splitting factor is given under the total power constraint. Second, we derive the closed-form expression for the optimal power allocation scheme.
The rest of this paper is organized as follows. Section II describes the system model. In Section III, we first formulate the uplink rate maximization problem for the full-duplex relay-based D2D communication underlaying cellular networks. Then, the feasible region of power splitting factor is analyzed. Finally, we propose the optimal power allocation scheme. Section IV conducts the simulation results to demonstrate the performance of our proposed power allocation scheme. The paper concludes with Section V.
II. SYSTEM MODEL
The considered system model is depicted in Fig. 1 . It consists of a BS, a fixed D2D transmitter and two user devices. For simplicity, the fixed D2D transmitter can be denoted by FR. The cellular and D2D user devices are represented by UC and UD, respectively. FR stores the popular videos. UD can download videos from FR by D2D communications. At the same time, FR can assist the data transmission from UC to BS. There does not exist the direct link from UC to BS. This is reasonable for mobile hotspot scenario, e.g., subway, where the direct link is in deep shadowing due to the physical obstacles [22] - [24] .
Then, UC and UD have a single antenna. FR is equipped with one transmit antenna and one receive antenna. BS uses one antenna to receive the signal from UC (via FR). The additive noise is the independent and circularly symmetric complex white Gaussian noise with zero mean and variance σ 2 . Then, we can denote the channel-to-noise ratios (CNRs) of the links from UC to FR and UD by γ To reduce the burden of FR, we assume that FR employs AF protocol to assist the cellular uplink transmission. The signal transmitted by FR can be partitioned into two signal components. The first component is the amplified signal, which will be forwarded to BS. The second signal component will be directly transmitted to the D2D receiver UD. We define the power splitting factor as α. Then, FR will assign α and 1 − α fraction of the available power to transmit the first and second signal components, respectively.
A. FULL-DUPLEX SELF-INTERFERENCE MODEL
Self-interference cancellation schemes can be divided into two categories [25] . Category I depends on the transmit power [26] , [27] and Category II is independent of the transmit power [17] . The data rate of Category I can be expressed as
where W denotes the system bandwidth; ρ a and ρ b are the received signal-to-noise ratio (SNR) and received self-interference to noise ratio of the full-duplex node, respectively. For Category II, the cancellation coefficient κ (1 ≥ κ > 0) is used in [25] , [28] , and [29] to characterize the impact of self-interference on full-duplex communication.
In this paper, we employ the Category II to analyze the uplink rate maximization problem. The data rate of Category II is
Many factors (e.g., transmit signal amplitude difference and antenna displacement error, etc) have impact on the cancellation coefficient κ. When κ approaches 1, self-interference has little effect on full-duplex link. When κ approaches 0, self-interference has large interference on full-duplex communication.
B. TRANSMISSION MODEL
In this paper, the cellular uplink transmission and D2D communication are both under the control of BS. UC and UD can send their own communication requests to BS with the assistance of FR. BS sends the control message to FR. UC and UD can obtain the control message from FR. Then, UC transmits data to its destination BS with the assistance of FR. UD downloads the popular video from FR by D2D communications, which can increase the system throughput. Since the D2D communication from FR to UD and the cellular uplink transmission from UC to BS (via FR) share the same spectrum resource, the interference between the D2D link and the cellular uplink will be incurred. Similarly to [30] , [31] , and [32] , we assume that BS employs the successive interference cancellation (SIC) to eliminate the interference from D2D communications under the assumption of 0 ≤ α ≤ 1/2. But the user device UD can not cancel the interference from cellular uplink transmission. Due to the implementation complexity of SIC, it is reasonable that BS rather than user device UD has the ability to cancel the interference by using SIC. The signal received by UD is composed of three components: the desired component with power γ r,d (1 − α)P r σ 2 , the interference components from UC with power γ c,d P c σ 2 and from FR with power γ r,d αP r σ 2 , and the additive noise component with variance σ 2 . P c and P r represent the transmit powers of UC and FR, respectively. The achievable rate of D2D communications, denoted by R D , can be expressed as
FR employs full-duplex AF protocol to assist the cellular uplink transmission. Based on Category II, the received SNR at FR can be written as ρ r = κγ c,r P c , which is similarly to [25] , [28] , and [29] . For BS, the interference from D2D communications can be eliminated by using SIC. The received SNR of BS can be expressed as ρ s = γ r,s αP r . Thus, we can derive the achievable rate of cellular uplink communication, denoted by R C , as follows [25] , [28] : 
III. PROBLEM FORMULATION AND ANALYSIS
For the full-duplex relay-based D2D communication underlaying cellular networks, we will study the optimal power allocation between the cellular user and FR. The data rate R G D is guaranteed for D2D communications and the total transmit power constraint [33] : P c +P r = P is considered in this paper.
To find the optimal power allocation scheme that maximizes the uplink rate, we can formulate the optimization problem, denoted by P1, as follows:
2). P c + P r = P;
3). P c ≥ 0, P r ≥ 0, P > 0.
The high SNR approximation is applied to problem P1, which is the commonly used method in wireless communications [34] , [35] . Thus, (4) can be approximated by R C as follows:
Problem P1 can be converted to the following optimization problem:
P2 : arg max
subject to the constraints given by (6)-(8).
A. FEASIBLE REGION OF POWER SPLITTING FACTOR
We first define the parameter η as
Thus, the power of UC can be denoted by the power of FR as follows:
Then, substituting (12) into the total power constraint given by (7), we can obtain the following equation:
.
Note that the numerator of (13) is not less than zero. Since P r is not less than zero, the denominator is larger than zero, i.e.,
Then, we have
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Substituting (13) into (12), we can get
Jointly considering (14) and the constraint in (8), we can derive that
Then, we obtain
We define α f min{α 2 , 1/2}. Then, the following theorem can be obtained.
Theorem 1: The feasible region of power splitting factor can be written as
Note that P r and P c both can be denoted by the power splitting factor α. Therefore, the optimal power allocation scheme can be obtained by deriving the optimal power splitting factor, which is denoted by α * . Proof: The proof of Theorem 1 is provided in Appendix A.
B. OPTIMAL POWER ALLOCATION SCHEME
We first define a new function S(α) as follows:
Then, (9) can be rewritten as
).
Thus, when S(α) reaches the minimum value in [0, α f ], we can obtain the optimal power splitting factor α * , which can maximize the uplink rate. Substituting (13) and (16) into (20) , the derivative of S(α) with respect to α can be derived as follows:
where
and
Note that only when the numerator of (22) equals zero, S (α) will be equal to zero. Based on (23)- (25), we can derive that B 2 −4AC ≥ 0. Thus, solving the equation S (α) = 0, two solutions, denoted by α a and α s , can be obtained as follows:
When B 2 − 4AC = 0, α a will equal α s . Then, we have the following theorem.
Theorem 2: For the full-duplex relay-based D2D communication underlaying cellular networks, the optimal power splitting factor, which maximizes the uplink rate, is determined by
The transmit powers of FR and UC can be obtained by (13) and (16), respectively. Proof: The proof of Theorem 2 is given in Appendix B.
IV. SIMULATION RESULTS
In this section, simulation results are provided to evaluate the performance of our proposed optimal power allocation scheme for the full-duplex relay-based D2D communication underlaying cellular networks. Throughout simulations, we normalize the system bandwidth as W = 1. The CNRs are set as follows: γ c,r = 15dB, γ r,s = 15dB, γ c,d = 5dB, and γ r,d = 15dB. The total transmit power is set to be P = 10. Figure 2 shows the uplink rate under various power splitting factor. We set the cancellation coefficient and guaranteed data rate for D2D communications as κ = 0.15 and R G D = 2, respectively. The pentagram symbols denote the points of the approximate and accurate maximum uplink rates. We can see that the approximation of the uplink rate is very tight for high SNR region. The optimal power splitting factor determined by (28) is very accurate in high SNR region. In Fig. 3 , we plot the optimal uplink rates of the proposed full-duplex and traditional half-duplex schemes versus the D2D rate R G D . For full-duplex mode, cancellation coefficients are 0.1 and 0.15, respectively. As illustrated in Fig. 3 , the uplink rate decreases as D2D rate increases. This is because D2D communications have higher priority than cellular communications (via FR) under the total power constraint. We can also see that the uplink rate of full-duplex scheme is larger than that of half-duplex scheme if the self-interference can be efficiently eliminated. Figures 4 and 5 depict the optimal power of FR P * r and the optimal power splitting factor α * under various D2D rate, respectively. We set cancellation coefficients as 0.001, 0.01 and 0.1, respectively. As shown in Fig. 4 , the optimal power of FR will monotonically increase as the D2D rate increases. This is due to the fact that FR needs more power to meet the increasing rate requirement of D2D communications. We can also see that the larger the cancellation coefficient is, the larger P * r will be. As illustrated in Fig. 5 , the optimal FIGURE 5. The optimal power splitting factor α * under various D2D rate.
power splitting factor α * is a monotonically decreasing function of the D2D rate. This is because FR allocates more power to D2D communications. We can also observe that the larger the cancellation coefficient is, the larger α * will be.
FIGURE 6.
The optimal uplink rate versus the cancellation coefficient. Figure 6 compares the optimal uplink rates of using our proposed full-duplex scheme and the traditional half-duplex scheme under various cancellation coefficient κ. We set the guaranteed data rates for D2D communications as 2 and 2.5, respectively. Fig. 6 shows that the proposed full-duplex scheme will achieve larger uplink rate as compared with the half-duplex scheme if the self-interference can be efficiently reduced. And the rate gain of the full-duplex scheme increases as the cancellation coefficient κ increases. We can also observe that the uplink rate of full-duplex scheme with R G D = 2 is larger than that of full-duplex scheme with R G D = 2.5. Figures 7 and 8 plot the optimal power of FR P * r and the optimal power splitting factor α * versus the cancellation coefficient, respectively. The guaranteed data rates for D2D communications are set as 2, 2.5 and 3, respectively. VOLUME 6, 2018 From Fig. 7 , we can see that the optimal power of FR will monotonically increase as the cancellation coefficient increases. The larger the guaranteed data rate for D2D communications is, the larger the optimal power of FR will be. This is because FR needs more power to satisfy the larger rate requirement of D2D communications. As depicted in Fig. 8 , the optimal power splitting factor α * is a monotonically increasing function of the cancellation coefficient. We can also observe that the larger the guaranteed data rate for D2D communications is, the smaller α * will be. This is due to the fact that FR allocates more power to D2D communications.
V. CONCLUSIONS
For the full-duplex relay-based D2D communication underlaying cellular networks, an uplink rate maximization problem was formulated under the guaranteed rate requirement of D2D communications. The feasible region of the power splitting factor was first derived. Then, the closed-form expression of the optimal power allocation scheme was given. Simulation results demonstrated that the proposed full-duplex scheme can significantly increase the uplink rate of cellular users if the self-interference can be efficiently eliminated.
APPENDIX A PROOF OF THEOREM 1
If α 2 is less than zero, the optimization problem P2 will have no solution. Now, we will determine whether α 2 is not less than zero.
Obviously, the denominator of α 2 in (18) is larger than zero. Thus, α 2 only depends on the numerator. Also, we can see that
For comparison, we define the parameter R D as
Based on (7), (29), and (30), we can see that R D equals R D only when the total power P is allocated to D2D communications, i.e., α = 0 and P c = 0. That is, R D is the upper bound of R D . Therefore,
is not larger than one. α 2 will be not less than zero. There exists the solution to the optimization problem P2.
Due to the application of SIC to BS, the power splitting factor α is in the region [0, 1/2]. Jointly considering α ≤ α 2 ≤ α 1 , we can obtain α ∈ [0, min{α 2 , 1/2}] (i.e., α ∈ [0, α f ]).
APPENDIX B PROOF OF THEOREM 2
To obtain the optimal solution of P2, it is necessary to determine whether α a and α s are in the region [0, α f ]. This problem can be analyzed by considering two cases: α f = α 2 and α f = 1/2. For the case of α f = α 2 , we can rewrite α a and α s as (31) , which is shown on the top of the next page.
Then, a new parameter V i is defined to represent the expression in the most right-hand-side part of (31) as follows:
Then, (31) can be simplified as 
Also, we can see that the numerator and denominator of V i given by (32) both have the same item −X . Based on this unique structure, V i can be studied by six cases:
The results corresponding to these six cases are given in Table 1 The monotonicity of S(α) will change no more than one time in [0, α 2 ]. We define S 0 as
where α → 0 + denotes that α approaches zero from the left side. Note that S 0 is a negative number. 
